In a multilayer comprising ferromagnet and heavy metal, in-plane carrier spin is induced by applied electric current owing to Rashba spin-orbit coupling, while the out-of-plane component is absent. We propose the out-of-plane carrier spin can emerge in ferromagnetic transition-metal dichalcogenides monolayer, by symmetry arguments and first-principles calculations. An intrinsic spin-orbit coupling in the monolayer provides valley-contrasting Zeeman-type spin splitting for generating the vertical induced spin. The current direction can be exploited to tune the induced spin, accompanied with valley polarization. The exotic spin accumulation paves an accessible way for perpendicular magnetization switching and electric control of valleys.
In a multilayer comprising ferromagnet and heavy metal, in-plane carrier spin is induced by applied electric current owing to Rashba spin-orbit coupling, while the out-of-plane component is absent. We propose the out-of-plane carrier spin can emerge in ferromagnetic transition-metal dichalcogenides monolayer, by symmetry arguments and first-principles calculations. An intrinsic spin-orbit coupling in the monolayer provides valley-contrasting Zeeman-type spin splitting for generating the vertical induced spin. The current direction can be exploited to tune the induced spin, accompanied with valley polarization. The exotic spin accumulation paves an accessible way for perpendicular magnetization switching and electric control of valleys.
Introduction.-Non-equilibrium carrier spin and associated spin-orbit torque are induced by applied electric current in a strong spin-orbit coupled electron system, which has practical use in magnetization switching and domain-wall motion for novel spintronic devices [1] . A typical realization of the current-induced spin reorientation is a two-dimensional heterostructure composed of ferromagnet and heavy non-magnetic layer [1, 2] . The inversion asymmetry along interface normal gives arise to Rashba-type spin-orbit coupling that determines a chiral spin texture. Only in-plane induced spin emerges with the redistribution of carriers on the Fermi surface under electric current, in contrast with a vanishing normal component. However, it is highly desirable to realize out-of-plane carrier spins and magnetization reorientation. As the magnetization is rotated from in-plane to normal direction, a variety of intriguing physical phenomena take place, e.g. topological phase transition [3] , semiconductor-to-metal transition [4] and valley splitting [5, 6] .
The emergent two-dimensional van der Waals materials provide simple and powerful platforms for the study of spin-related physics [7, 8] . Monolayer transition-metal dichalcogenides, MX 2 (e.g. M=V, Mo, W; X=S, Se, Te) have both strong spin-orbit coupling and inversion symmetry breaking [8] [9] [10] [11] , which may lead to carrier spin under electric current. The study of current-induced spin polarization (CISP) in MX 2 monolayer, though few, is fundamentally and technologically significant. Firstly, the monolayer structure avoids complexity from the heterostructure. More importantly, the spin-orbit coupling of MX 2 is intrinsic and induces Zeeman-type spin splitting in the presence of in-plane mirror symmetry [8, 9] . While the CISP invariably relies on Rashba spin-orbit coupling in the heterostructure, the roles of the intrinsic spin-orbit coupling in CISP is not yet clear. Moreover, there are two inequivalent valleys in the band structure of MX 2 . The valley degree of freedom may add a new dimension to CISP, given valley-contrasting optical and electronic properties [8, 12] .
In this Letter, taking VSe 2 monolayer for example, we perform symmetry analysis and first-principles calculation to study the non-equilibrium carrier spins in transition-metal dichalcogenides, under applied electric field. VSe 2 monolayer has been predicted to be a roomtemperature ferromagnet [10] and synthesized recently in the form of nanosheets [13] . The intrinsic spin-orbit coupling in VSe 2 monolayer gives rise to an out-of-plane CISP, in contrast with Rashba spin-orbit coupling. Two valleys exhibit distinct responses to the direction of electric field, which can be used as a readily available experimental knob to tune CISP. We also discuss the higher tunability from applied uniaxial strain, based on the same symmetry consideration. The vertical CISP provides an energy-efficient pathway towards perpendicular magnetization switching and electric control of valleys.
Symmetry analysis.-Figs. 1(a) and (b) show the atomic structure of VSe 2 monolayer in the 2H phase, with a D 3d point group. It has a honeycomb lattice, of which two sublattices are respectively occupied by vanadium and selenium. Each vanadium atom lies in the center of a trigonal prismatic cage of six selenium atoms. The honeycomb lattice therefore has three atomic layers in a Se-V-Se stack. The inversion symmetry is absent, which allows of non-vanishing CISP [14] . Without taking into account the magnetization, there are two types of mirror planes. The vanadium layer is a mirror in the two-dimensional (x-y) plane of the monolayer, as denoted by σ h in Fig. 1(b) . The other type of mirrors consists of three planes, which are perpendicular to the two-dimensional sheet and through V-Se bonds. One of them lies in y-z plane, as denoted by σ v . The others are respectively obtained by rotating σ v through 2π/3 and 4π/3 around z axis, in the presence of three-fold rotational symmetry C 3 .
As the symmetry argument provides an effective tool for predicting possible CISP, a symmetry analysis is firstly performed based on the above structure, as shown Blue, black and red bands respectively correspond to -2%, 0% and 2% uniaxial strain along y direction. The Brillouin zone and its high-symmetry points are given in the inset of (c).
in Table I . We focus on CISP from the redistribution of carriers under the actions of electric field and disorder, which is dominant over Berry phase contributions [14] [15] [16] [17] . The induced spin polarization, δs, can be described by the relation,
Here, E is applied in-plane electric field. τ is the relaxation time and χ is a material-specific coefficient.
Given that the two-dimensional sheet of VSe 2 is an easy plane of ferromagnetization [10] , we first consider a highsymmetric in-plane magnetization (M ) along x direction. For the magnetized monolayer, the symmetry σ v is still present, while the other vertical mirrors and C 3 are broken. The joint transformation of σ h and time reversal T , σ h T , becomes a new symmetry operator. Both σ v and σ h T determine non-vanishing δs. When E x, E changes its sign but τ keeps unchanged under σ v . According to Eq. 1, a nonzero χ requires that δs changes sign, leading to δs σ v . Under σ h T , E does not change but τ becomes −τ . The required sign reversal of δs indicates δs z. Therefore, for M x and E x, only vertical component of δs is allowed by considering the two mirror-related symmetries. When E is reoriented along the y direction, δs has to keep unchanged under σ v and change sign under σ h T to realize a nonzero χ. Since two conditions are not satisfied simaltaneously, both χ and δs are vanishing. In the same manner, a magnetization 
along y direction is also discussed, where σ v T and σ h T are symmetry operators. By summarizing these combinations of E and M in Table I , it is seen that no matter M x or M y, E x has a symmetry-allowed δs z , while E y leads to δs = 0. Therefore, an out-of-plane CISP may emerge in VSe 2 monolayer and it is tunable by rotating in-plane electric field, in contrast with well-known Rashba systems. Besides the mirror-related symmetries, it is noted that the C 3 symmetry breaking is also important for generating δs z . Since E is rotated by 2π/3 and δs z is unchanged under C 3 operation, the distinct behaviors leave Eq. 1 unsatisfied and correspondingly rule out δs z in the presence of C 3 . δs is therefore absent in VSe 2 magnetized vertically and non-magnetic MX 2 (e.g. MoS 2 ) that have C 3 symmetry.
Calculation results.-Armed with the above symmetry analysis, we calculate the electronic properties of VSe 2 monolayer by first-principles and Wannier function approaches, in order to study the exotic CISP and possible valley-related physics. The calculation method can be found in Supplemental Material [18] . The calculated lattice constant of VSe 2 monolayer is 3.33Å and the stable ferromagnetic order has a magnetic moment of 1.0 µ B per unit cell, in agreement with previous results [10] . Given that vanadium is one less valence electron than molybdenum, the magnetic moment is mainly contributed by vanadium, compared with non-magnetic MoX 2 . Fig. 1(c) and (d) show band structures of VSe 2 monolayer with the magnetization along x and z directions, respectively. When the magnetization is along x axis, there are two inequivalent but degenerate valleys at K + and K − points in the momentum space. It is also found that the degeneracy is preserved with an in-plane rotation of magnetization. For out-of-plane magnetization, the valley degeneracy is lifted with a splitting of 78 meV by comparing the valence band maxima at the two valleys, similar to the case of magnetized MoX 2 [5, 6] . The valley splitting leads to novel valley-spin physics. For example, valley polarization can be achieved by both carrier doping and non-polarized optical pumping, besides wellknown chiral optical field [5, 6, 11] . The valley structure and its opto-electronic responses are therefore tunable by tilting the magnetization. The out-of-plane CISP, if realized, provides opportunities for electric control of the magnetization and further electric control of valley properties in VSe 2 monolayer. On the other hand, the valley degree of freedom may add a new dimension to CISP, if CISP has valley dependence. We further compute CISP in VSe 2 monolayer by the Kubo linear response formula, where the coefficient χ is given as [15] ,
Here, each electronic state is denoted by the band index n and the momentum k. s nk and v nk are the expectation values of the equilibrium spin and the velocity, respectively. The velocity operator v = 1 ∂H ∂k , of which the direction is determined by E. G R nk and G A nk are respectively the retarded and advanced Green functions, defined as G
. E F and E nk are respectively the Fermi and electronic energies. Γ is the band broadening due to the finite lifetime of electronic states in the presence of disorder, which is related to the relaxation time by Γ = /2τ . Γ is set to 0.01 eV, by reference to another MX 2 [19, 20] . e is the electron charge and S is the monolayer's area. Fig. 2(a) show the calculated CISP in VSe 2 monolayer with the shift of the Fermi level, under the electric field along x axis. There are indeed non-vanishing vertical CISPs for the magnetization along both x and y directions, while the in-plane component is zero. The two inplane magnetizations give opposite CISPs, indicating an in-plane anisotropy. The CISP of the valence band states are larger than those of the conduction band in magnitude and it has an order of 10 −7 µ B per A/cm, when normalized by a longitudinal conductivity [18] . With the monolayer thickness of about 6Å considered [21] , this corresponds to an order of 10 −8 µ B per 10 7 A/cm 2 , comparable to CISP in Mn 2 Au [16] . Given that considerable doping level [22] and current density [23] have been achieved in MX 2 , the CISP and associated torque in VSe 2 are expected to be readily observable experimentally. For the vertical magnetization, δs = 0 due to the C 3 symmetry. Under the electric field along y axis, the corresponding δs is also vanishing. These results agree well with symmetry analysis.
The CISP as a function of the magnetization direction is further shown in Fig. 2 (b) and (c), with the direction denoted by the elevation angle θ and the azimuth angle φ . For in-plane magnetization (θ = π/2), δs z is proportional to cos2φ. The second-order directional dependence may be exploited to reverse the CISP. For out-of-plane magnetization within the x-z plane (φ = 0), δs z always points to the same direction except for vanishing δs z at θ = 0 and π. Besides, δs x appears as well. To study the contribution to CISP from K ± valleys, Fig. 3 shows momentum-resolved electronic structures in the neighborhood of the two valleys, with a magnetization along x axis considered. Fig. 3 (a) and (b) schematically illustrate the redistribution of carriers on the Fermi level. The valley pockets are shifted along electric field directions. Based on this picture, δs can be also described as δs = 1 S nk s nk δf nk by the semiclassical Boltzmann approach, besides the Eq. 1. The change of the distribution function,
, according to Eqs. 1 and 2. Taking into account the highest valence band that crosses the chosen Fermi level, s k , δf k and δs k are given in Fig. 3 (c)-(h) . Since the two valleys are related by σ v , these quantities in two valleys are symmetric or antisymmetric with respect to σ v . For the spin expectation, its component along the magnetization direction, s x , is dominant and has the same sign in two valleys. s z appears as well, which arises from intrinsic spin-orbit coupling in the presence of σ h [8, 9] . s z is much smaller than s x , indicating that the spin-orbit coupling is much smaller than the exchange interaction. More importantly, s z is opposite in two valleys, because of the valley-distinct Zeeman-type spin splittings induced by intrinsic spin-orbit coupling [8, 9, 11, 18] , in contrast with s x . On the other hand, δf in two valleys has distinct responses to the electric field directions. When E x, a mirror-antisymmetric δf demonstrates a current-induced valley polarization, that is, a carrier transfer between two valleys. Combining valley-contrasting s z , two valleys equally contribute to a non-vanishing CISP. In contrast, there is no carrier valley polarization and CISP when E y. Therefore, the valley polarization, together with valley-contrasting s z , is fundamental to vertical CISP. A rotated in-plane electric field proposed here paves a highly-controllable way for valley polarization. Besides, valley-polarized current can selectively be introduced by various valley filters [5, 11, 24, 25] , where the currents with different valley indices can lead to opposite δs z (See Fig. 3 (d) ).
We further compute CISP in VSe 2 monolayer under a uniaxial tensile strain along y axis, as shown in Fig.  4 . The crystal point group is reduced to C 2v , with the principal axis along the y direction. The C 3 symmetry is broken structurally, while both σ v and σ h are kept, which still satisfy symmetry requirements for vertical CISP. The two valleys are well preserved, according to the band structure of the strained monolayer in Fig. 1 (c) and (d) . For the CISP, δs z is still only non-vanishing component with in-plane magnetization. It has increased maxima, when turning away from the C 3 symmetry. Comparing the magnetization along x and y directions, δs z becomes isodirectional near the band edges (Fig. 4 (a) and (b) ). Especially for the conduction bands, the enhanced δs z has almost no azimuth-angle-dependence, demonstrating a good isotropy (Fig. 4 (c) ). When the magnetization is tilted from the two-dimensional plane, δs z keeps isotropic for another latitude with a certain θ, as well as emergent in-plane components (Fig. 4 (d) ). The isotropic δs z always exists including small quantities at θ = 0/π and points to +z axis (Fig. 4 (e) ). Similar results are also found under the compressive strain [18] . The in-plane directional dependence and magnitude of the CISP are therefore tuned by a uniaxial strain. We also calculate the induced spin polarization from Berry phase contribution [14, 16, 17] . It is one order of magnitude smaller than that from the carrier redistribution. Besides, the induced spin is in-plane, in contrast with the above CISP.
Summary.-We demonstrate that out-of-plane spin polarization emerges in VSe 2 monolayer under electric current. The vertical non-equilibrium spin arises from the intrinsic spin-orbit coupling, distinct from widely discussed Rashba systems. By introducing electric field direction, valley currents and strain field, the induced spin can be tuned in controllable ways, which has potential use in perpendicular magnetization switching and electric control of valleys.
It is noted that VSe 2 monolayer is an initial demonstration of the vertical CISP. There are a number of two-dimensional ferromagnetic systems that have similar symmetries and possible out-of-plane CISP, such as VS 2 [10] , NbX 2 [26] , TaX 2 [27] , group-III monochalcogenides [28] and so on. On the other hand, even if non-magnetic, the uniaxial strained MX 2 and another monolayer with the C 2v symmetry may also exhibit out-of-plane CISP, based on the above symmetry analysis. Moreover, there are both intrinsic and Rashba spin-orbit couplings in the heterostructure of MX 2 /ferromagnet [29] [30] [31] . While in-
